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Abstract
Exposure of repressed growing cultures of Schizosaccharomyces pombe to various extracellular concentrations of NaCl,
sorbitol or glycerol resulted in a reversible increase in neutral trehalase activity which was maintained while the cells were
in the presence of high environmental osmolarity. Treatment of osmo-stress-induced trehalase by phosphatase lead to a
decreased activity indicating that the active enzyme is phosphorylated. The stress response following the osmotic shock
required protein synthesis and was independent of the cAMP-dependent protein kinase pathway. Cells disrupted for wis1 or
 .  .phh1 identical to sty1 and spc1 , which encode members of the mitogen-activated protein kinase MAPK cascade, showed
that the osmo-stress-induced increase in trehalase markedly diminished. In contrast, the heat shock-induced increase in
trehalase remained unchanged in these cells. Taken together, the data suggest that the elevation of trehalase activity in
Schiz. pombe under conditions of high osmolarity is due to de novo synthesis of the enzyme and that this process is
modulated through a MAPK signal transduction pathway as part of the physiological response to the osmotic stress. The
wis1-phh1 MAPK cascade, however, does not appear to form part of the mechanism underlaying the increase in trehalase
after heat stress. q 1997 Elsevier Science B.V. All rights reserved.
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1. Introduction
The ability of yeast cells to adapt to high environ-
mental osmolarity is a crucial biological process that
enables them with protection against dehydration and
w xsubsequent loss in viability 1 . Exposure of cells to
severe fluctuations in extracellular water activity and
solute content induces dramatic metabolic changes
directed to favour cell recovery and survival under
the conditions of the osmotic stress. Among the
intracellular osmoregulatory responses is the synthe-
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sis of the compatible solute glycerol which serves as
w xan osmotic potential compensatory product 2,3 . In
Saccharomyces cere˝isiae, regulation of the glycerol-
3-phosphate dehydrogenase enzyme responsible for
glycerol accumulation is mediated at the transcrip-
tional level by the Pbs2-Hog1 mitogen-activated pro-
 . w xtein kinase MAPK cascade 4–6 . Stimulation of
these kinases phosphorylates transcription factors
w xwhich activate gene expression 7 .
The wis1 gene of Schizosaccharomyces pombe
encodes a MAPK kinase which shows high homol-
w xogy to Pbs2 of S. cere˝isiae 8–10 . In turn, phh1
 .also known as spc1 or sty1 encodes a MAPK
homolog, closely related to S. cere˝isiae Hog1, which
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is the putative immediate downstream component to
wis1 in a cascade mediating a variety of stress signals
w x9–12 . In the fission yeast trehalase is a target
enzyme shared by different signalling pathways which
are able to increase its enzyme activity by either
cAMP-dependent or cAMP-independent mechanisms
w x13,14 . In this work we present evidence that the
induction of trehalase participates in the osmoregula-
tory response in Schiz. pombe. This effect seems to
be controlled by the wis-phh1 system, thus revealing
an additional target to the Hog1-like MAPK cascade
activated in response to an osmotic upshift in the
fission yeast.
2. Materials and methods
2.1. Organism and culture conditions
The strains of Schiz. pombe used in this study are
listed in Table 1. Repressed cultures were incubated
in a shaker water bath at 258C in YES medium 2%
.glucose, 0.6% yeast extract . Derepressed cultures
were obtained in the above medium containing 2%
glycerol instead of glucose. The culture media were
supplemented with L-leucine, adenine andror uracil
 .50 mg per liter , depending on the requirements of
each particular strain.
2.2. Enzyme assays and determination of trehalose
and protein
Trehalase assays and protein determinations were
w xcarried out as reported elsewhere 15 . Trehalose was
extracted and estimated by the anthrone method as
w xdescribed in 16 . Treatment by alkaline phosphatase
w xwas performed as indicated previously 13 .
Table 1
List of strains
Strain Genotype Reference
y w x972 h 31
q w xMM1 h ade6-M210 leu1 ura4-D18 27
q q w xJZ636 h ade6-M210 leu1 ura4-D18 pka1::ura4 32
y w xTK003 h leu1-32 11
y q w xTK102 h wis::his1 his1-102 leu1-32 11
y q w xTK107 h phh1::ura4 leu1-32 ura4-D18 11
2.3. Determination of cell ˝iability during osmotic
and heat shock
Survival of saline stress was determined in each
case by incubating cells in YES medium containing
0.75 M NaCl and plating samples after appropriate
dilution onto YES agar at different time intervals.
The number of colonies was counted after 3 days of
incubation at 258C. The survival fraction was calcu-
lated with respect to control cultures not supple-
mented with NaCl. The results represent the mean
value of at least three different determinations made
by triplicate. The viability after heat stress was deter-
mined in a similar way after shifting the cultures at
408C.
3. Results
3.1. Trehalase acti˝ity and hyperosmotic shock
Addition of various extracellular concentrations of
NaCl to mid-exponential repressed cultures of Schiz.
pombe in order to elevate the osmolarity of the
medium induced these cells to increase trehalase Fig.
.1 . Similar results were obtained using sorbitol as
added solute, although the increases observed were
comparatively lower than with NaCl. In both cases
maximal effect was obtained at 0.75 M. This concen-
tration produced a stable increase in trehalase activity
above the basal level about 25-fold and 15-fold,
.respectively after 4–5 h of incubation in the high
osmolarity medium. To asses the specificity of this
response, alkaline phosphatase was measured in the
w xsame cell extracts as a control 16 . In contrast to
neutral trehalase, no significant increase in this activ-
ity was found following the osmotic upshift not
.shown . The addition of 0.75 M glycerol to repressed
cultures had an effect on trehalase activity compara-
ble to that induced by NaCl or sorbitol, although the
kinetics of the increase was slower.
3.2. Properties of the osmo-stress-induced-response
for trehalase
The above findings prompted us to analyze addi-
tional characteristics of the trehalase response in-
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Fig. 1. Influence of NaCl supply on trehalase levels of Schiz.
pombe strain MM1. Cells were grown to mid-exponential phase
in YES medium at 258C and supplemented at zero time with 0.5
 .  .  .  .M B , 0.75 M ‘ , 1 M ’ or 1.5 M ^ NaCl. At the
indicated times, cell free extracts were prepared and trehalase
determined as described in Section 2. Trehalase in control cells
without addition is represented by a discontinous line.
duced by osmo-stress. In derepressed, respiratory cells
growing on glycerol the increase in trehalase activity
after addition of NaCl was almost completely abol-
ished. Also, the trehalase activity of stationary phase
cells was unresponsive to the osmotic stress, as was
that of cells derived from exponential cultures which
had been washed and resuspended in 10 mM MES
buffer pH 6.5 prior to the saline stress data not
.shown . This means that the route involved in the
transduction of the responsible signal is fully opera-
tive only in repressed growing cells under conditions
of osmotic stress and that in the absence of energy
source the increase in trehalase activity does not
occur.
We next analyzed the evolution of the osmo-stress
induced trehalase in cells upon a shift to low-salt
 .medium Fig. 2 . The increase in trehalase activity
was reversible since the enzyme activity returned
back to basal levels when the initial osmotic condi-
tions were restored.
On the other hand, cell cultures treated with NaCl
in the presence of 100 grml cycloheximide failed to
elevate trehalose activity indicating that de novo pro-
 .tein synthesis plays a role in this process Fig. 3 .
Also, treatment by phosphatase of osmo-stress-in-
duced trehalase provoked deactivation of the enzyme
 .activity Fig. 4 . This suggest that the active trehalase
enzyme is phosphorylated.
Fig. 2. Reversibility of the trehalase response to osmotic shock in
Schiz. pombe strain 972. A mid-exponential phase culture grow-
ing on YES medium was supplemented at zero time with 0.75 M
NaCl and further incubated at 258C. 150 min. after the initial
 .osmotic upshift the culture was divided into two aliquots arrow
and the cells were either maintained in the hyperosmotic medium
 .‘ or centrifuged, washed and resuspended in fresh YES
 .medium without NaCl v . Trehalase activity in parallel control
cultures not receiving NaCl is represented by a discontinuous
line.
3.3. Trehalase during the osmo-stress response in
pka1-disrupted cells
Trehalose acts as both an energy source and a
w xdefense against physical stress 17 . In Schiz. pombe
 .cAMP-dependent protein kinase pka1 has been
shown to activate trehalase after exposure to glucose
Fig. 3. Induction of the trehalase activity by osmotic shock in the
presence or absence of protein synthesis inhibitors. Mid-exponen-
tial phase cultures were supplemented with 0.75 M NaCl in the
 .  .  .absence ‘ or presence v of cycloheximide 100 mgrml
added 10 min before addition of the salt.
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Fig. 4. Deactivation of osmo-stress-induced trehalase by in vitro
treatment with alkaline phosphatase. Cell free extracts containing
trehalase from cells of Schiz. pombe strain 972 that had been
incubated for 5 h in YES culture medium plus 0.75 M NaCl were
 .  .maintained with continuous line or without discontinuous line
 .alkaline phosphatase 100 unitsrmg cell protein at pH 8.0 and
378C for different times. At various time intervals the remaining
trehalase was determined as indicated in Section 2.
or other nutrients which triggers a cAMP signal
w x15,18 . For this reason it was important to determine
if pka1 was required for transmission of the osmo-
stress signal which gives rise to the trehalase in-
crease. We analyzed trehalase activity in pka1 and
Dpka1 strains after incubation in medium containing
0.75 M NaCl. The results showed that the function of
the pka1 pathway is of no critical importance for
transduction of the signal triggered by the saline
environmental stress and its conversion into trehalase
 .increase Fig. 5 .
Fig. 5. Induction of trehalase by osmotic shock in Schiz. pombe
 .  .strains MM1 wild type, ‘ and JZ636 Dpka1, v . Cells from
mid-exponential cultures were incubated in either normal YES
 .medium discontinuous line or in the same medium supple-
 .mented with 0.75 M NaCl continuous line .
3.4. Trehalase during the osmo-stress and heat shock
response in wis1- and phh1-disrupted cells
Earlier studies have shown that wis1 MAPK ki-
nase is essential for the response to several different
w xtypes of stress 10 . In turn phh1, which is closely
related to S. cere˝isiae Hog1 kinase, is activated by
wis1 MAPK kinase under multiple forms of stress
w x11,12 . A crucial question was then to determine
whether or not the osmotically responsive pathway
under the control of wis1 MAPK kinase and phh1
MAP kinase was responsible for the effect observed
on trehalase activity. To test the possible in vivo
function of this pathway we used the strains TK102
and TK107 which show a disruption in wis1 and
phh1, respectively, together with the isogenic wild
w xtype counterpart TK003 11 .
As shown in Fig. 6, wis1 cells were unable to
increase trehalase activity in high-osmolarity medium.
Similar studies showed that phh1 cells were also
blocked in the osmo-stress-induced increase in treha-
 .lase Fig. 6 . This strongly suggests that the gene
encoding neutral trehalase is a target of the signalling
pathway involving wis1 MAPK kinase and phh1
MAP kinase in the fission yeast. However, we ob-
w xserved, as have others 11 , that the mortality during
the saline stress and other drastic environmental
changes was higher in these disruptants than in wild
type cells. Therefore the relevance of the above
Fig. 6. Induction of trehalase by osmotic shock in Schiz. pombe
 .  .strains TK003 wild type, ‘ , TK102 Dwis, ^ and TK107
 .Dphh1, I . Cells were incubated as described in the legend of
Fig. 2. Trehalase activity is expressed as either specific activity
 . 8  .panel a or as enzyme unitsr10 viable cells panel b .
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results had to be re-evaluated in terms of viable cells.
When trehalase was referred to a given number of
viable cells instead of being expressed as units per
total cell protein, the results again indicated that the
wis1-phh1 pathway is involved in transmitting the
signal for trehalase activation in osmo-stressed cells
 .of the fission yeast Fig. 6 .
Previous results have shown that Schiz. pombe
w xcells exposed to a heat stress increase trehalase 15 .
Also, it has been found that the expression of some
stress responses is not specific to the form of stress
w xapplied to the cells 12 . We therefore investigated
whether trehalase activity increases after exposure of
wis and phh1 cells to heat stress. As shown in Fig. 7,
disruption of these genes had no effect on the in-
crease in trehalase after transfer at 408C for different
periods. Interestingly, these unexpected results served
as a positive control to confirm the significance of
those showing the lack of trehalase increase in dis-
rupted cells exposed to osmo-stressing conditions. In
turn, such outcome demonstrated that the increase in
trehalase upon addition of high concentrations of
extracellular solute occurs by a mechanism different
to that sustaining the heat shock-induced activation of
trehalase.
 .Related studies have indicated by Northern RNA
hybridization analysis that fission yeast cells under
osmotic stress and other different types of cytotoxic
stimuli increase transcription of tps1, which encodes
Fig. 7. Trehalase activity in Schiz. pombe strains TK003 wild
.  .  .type, ‘ , TK102 Dwis, ^ and TK107 Dphh1, I during a
heat shock. Mid-exponential cultures growing on YES medium
 .were either shifted at zero time at 408C continuous line or
 .maintained at 258C as controls discontinuous line .
Table 2
 .Trehalose content nmolrmg wet wt. "SD in exponentially
growing cells of Schiz. pombe
Treatment Strain
TK003 TK102 TK107
 .None Control 0.81"0.04 0.81"0.03 0.83q0.07
0.75 M NaCl, 30 min 14.04"2.02 8.42"2.12 8.33"1.90
408C, 30 min 36.85"5.72 10.88"0.71 10.18"1.20
wtrehalose-6-phosphate synthase 12; and our unpub-
xlished results . According to the idea that tps1 is a
stress protein whose synthesis is partly regulated by
w xthe wis MAPK kinase pathway 12 , its induced
expression should be decreased in wis1 or phh1 cells.
We explored this possibility by measuring the final
product of the enzyme inside the cells and found that,
congruent with the above interpretation, the trehalose
pool was higher in osmo-stressed wild type cells than
in osmo-stressed cells bearing one of the two dis-
 .rupted genes mentioned above Table 2 . Similar
results were obtained when heating was used as
 .stressing factor Table 2 .
4. Discussion
Exposure of repressed cells of Schiz. pombe to
osmotic stress was found to result in a marked in-
crease of trehalase activity. This implies the existence
in the fission yeast of an osmosensing signal trans-
duction pathway which regulates trehalase activity
and likely trehalose degradation. Such route does not
involve the previously characterized signal transduc-
tion system which controls trehalase activity by post-
translational modification of the enzyme upon addi-
w xtion of nutrients 15,18 , because pka1 cells showed
an osmosensing response similar to wild type cells.
Instead, our results with cells bearing disrupted genes
encoding members of the wis1-phh1 signal transduc-
tion system support an osmotic induction of trehalase
transcription and thus that the gene encoding neutral
trehalase is a target of such pathway under hypertonic
conditions. Indeed, the absence of increase in treha-
lase after osmotic shock under conditions of transla-
tional arrest suggests that the increase is due to
expression of trehalase induced at the level of tran-
script. However, one limitation of our approach is
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that it does not provide clues to exclude the possibil-
ity of an indirect control of trehalase, i.e., that the
wis1-phh1 pathway merely regulates induction of
some other factor needed for trehalase activation. The
availability of a trehalase probe for mRNA North-
.ern analysis would allow to distinguish definitively
between these two possibilities. Whatever the case
may be, the involvement of the wis1-phh1 cascade on
trehalose catabolism appears clear and may open
further insight into the role of this sugar as a stress
metabolite.
w xWhile this work was in progress Degols et al. 12
reported that the same pathway referred above con-
trols in the fission yeast both the heat shock-induced
and the osmo-stress-induced expression of tps1 en-
coding trehalose-6-phosphate synthase, an enzyme
that is required for trehalose synthesis. We have
measured the final product of the trehalose-6-phos-
phate synthase complex to confirm that the trehalose
pool is comparatively reduced during osmotic stress
 .in cells blocked in the wis1-phh1 pathway Table 2 .
In these cells, however, the decrease in trehalose was
w xrather modest suggesting, as have others 12 , that
there may be also a wis-independent mechanism for
tps1 induction in response to both heat and osmotic
stress.
Trehalose is a key reserve and stress metabolite in
w xyeast cells 17 . In bacteria the osmotic shock alters
both the synthesis and the degradation rates of tre-
w xhalose 19 . However, the occurrence in yeasts of an
increase in trehalase upon hyperosmotic conditions
had not been reported. The increased synthesis of the
enzyme of trehalose catabolism in response to os-
motic stress is difficult to rationalize, but perhaps it
provides a fine-tune control of the intracellular tre-
halose levels as a result of the simultaneous operation
of both the biosynthetic and degradative pathways.
An alternative interpretation would be that hydrolysis
of endogenous trehalose could provide glucose units
as energy and carbon source for synthesis of glycerol,
w xconsidered to be a compatible solute during stress 1 .
However, the pathway involved in the osmo-stress-
induced trehalase increase appears to be present only
in glucose-repressed cells, which apparently renders
this response a redundant mechanism devoid of
physiological value. Moreover, although glycerol ac-
cumulates in S. cere˝isiae under hypertonic condi-
tions to restore the osmotic gradient across the cell
w xmembrane 5 , there are conflicting results as to
whether glycerol accumulates under salt-induced
w xstressful conditions in Schiz. pombe as well 20,21 .
Exogenous glycerol readily reduces in Zygosaccha-
romyces rouxii the stimulation of trehalase provoked
w xby stressing conditions 22 . However, the addition of
this polyol to salt-stressed cells of the fission yeast
did not inhibit the increase in trehalase unpublished
.results .
The initial stimulus in the mechanism responsible
for the increase in trehalase activity after the addition
of extracellular solutes is unknown. Cells might rec-
 .ognize the creation of either a low water activity aw
in the culture medium or an osmotic pressure drop
across the cell membrane. This distinction may be
important, although the first possibility is often ig-
nored. Our observations indicate that, like NaCl or
sorbitol, glycerol was also effective in producing the
trehalase increase at similar osmolarities. However,
whereas extracellular glycerol penetrates readily
w xwhithin cells in the fission yeast 20 , NaCl behaves
as a ‘non-permeant’ solute because cells respond to
saline environments excluding these ions to maintain
w xa low intracellular concentration of salt 1 . Also, the
non-metabolizable, non-ionic solute sorbitol is often
used as stabilizer of yeast protoplasts due to a relative
low permeability. Given the high permeability of
membranes to water and the small enclosed volume
fraction represented by the cells in the liquid culture
it seems reasonable that equal osmolarities of differ-
ent solutes will have equal effects on the homoge-
neous a of the culture system whereas ‘imper-w
meant’, but not ‘permeant’, solutes would addition-
ally affect the osmotic pressure across the yeast
cytoplasmic membrane. Therefore the possibility re-
mains that the main triggering effect in media of high
solute content might be the low a of such media perw
se and not the osmotic pressure created across the
membrane. More work in this area would help to
clarify the nature of the initial sensor of the pathway.
Alterations in extracellular osmolarity induce
changes in the level of expression of genes either by
specific osmosensing signal transduction routes or in
an indirect fashion, as when transcription of osmo-
stress-responsive genes is in turn controlled by other
 .cell parameters such as growth rate affected by the
w xexternal conditions 23 . Our results favour that the
dramatic de novo synthesis of trehalase in response to
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increased external concentrations of solutes is due to
a Hog1-like signal transduction system present in
Schiz. pombe because other unspecific stimuli able to
alter growth rate, such as nutrient limitation, do not
seem to trigger trehalase activity unpublished obser-
.vations .
The homeostatic mechanisms that regulate the
transcription of a variety of stress-responsive genes
help to cope with the resulting metabolic distur-
bances. Also, other stresses may induce mechanisms
which overlap in part with those induced by changes
in the external osmolarity, thus revealing the occur-
rence of both specific and general responses to differ-
ent stress stimuli. As an example, both nutritional
changes and adverse environmental conditions can
enhance trehalase activity in the fission yeast so that
such increase might be a general response to stress
w xchallenges 14,15,24 . However, it is interesting to
mention that the mechanism responsible for the in-
crease in trehalase induced by one stimulus is not
necessarily shared by a different one. For instance,
the trehalase increase that follows the addition of
fermentable sugars to glucose-starved cells is medi-
ated by cAMP-dependent protein phosphorylation
w xwhereas that induced by heat stress is not 15 . On the
other hand, the mechanism responsible for the stimu-
lation of trehalase by osmotic shock appears quite
different to that underlying the induced by heat-shock.
Cells disrupted in the osmo-stress signalling pathway
for trehalase induction does not show any block in
the pathway causing the trehalase increase by heat
 .shock Fig. 6 and Fig. 7 . This finding is somehow
surprising in view that other responses to both heat
shock and osmo-stress are channelled in Schiz. pombe
w xthrough a wis1-dependent mechanism 12 . In S.
cere˝isiae, however, activation of some responses by
other types of stress appear independent of the homo-
w xlogue Hog pathway 25 . Based on a previous report
w xby De Virgilio et al. 26 we initially interpreted that
in Schiz. pombe the heat-shock induced increase in
trehalase was the result of a post-translational modifi-
w xcation of the enzyme 13 . More recent results, how-
ever, indicate that such increase is not merely due to
a direct change of the trehalase enzyme but involves
w xde novo protein synthesis 27 . This is also the case in
S. cere˝isiae, where the expression of neutral treha-
lase mRNA increases at heat stress and it is necessary
w xfor survival after heat shock 28,29 . Therefore, simi-
w xlar to S. cere˝isiae 29 , trehalase may be considered
a stress protein in the fission yeast. It seems clear,
however, that in spite of a common requirement for
translation the putative induction of trehalase by heat
shock is independent of the Hog1-like MAP kinase
pathway which operates under hyperosmotic condi-
tions.
Recently it has been shown that the wis1 signal
transduction pathway is required for expression of
w xcAMP-repressed genes in the fission yeast 30 . Our
results indicate that in the process of induction of
trehalase by osmotic shock the wis-phh1 pathway and
the cAMP-pka1 pathway do not interact and that only
the first one plays a crucial role in regulating the
osmo-stress-induced expression of trehalase.
Acknowledgements
 .We are indebted to T. Kato Kyoto for providing
Dwis and Dphh1 strains and to M. Yamamoto
 .Tokyo for Dpka1 strain. We thank F. Garro for
technical assistance. J.F. and T.S. are recipients of a
fellowship from CajaMurcia, Spain. This work was
supported in part by grant PB94-1151 from DGICYT,
Spain.
References
w x  .1 Blomberg, A. and Adler, L. 1992 Adv. Microbial. Phys.
33, 145–212.
w x  .2 Andre, L., Hemming, A. and Adler, L. 1991 FEBS Lett.´
286, 13–17.
w x  .3 Mager, W.H. and Varela, J.C.S. 1993 Mol. Microbiol. 10,
253–258.
w x4 Brewster, J.L., Valoir, T., Dwyer, N.D., Winter, E. and
 .Gustin, M.C. 1993 Science 259, 1760–1763.
w x  .5 Larsson, K., Ansell, R., Eriksson, P. and Adler, L. 1993
Mol. Microbiol. 10, 1101–1111.
w x6 Albertyn, J., Hohmann, S., Thevelein, J.M. and Prior, B.A.
 .1994 Mol. Cell. Biol. 14, 4135–4144.
w x  .7 Marshall, C.J. 1994 Curr. Opin. Gen. Dev. 4, 82–89.
w x  .8 Warbrick, E. and Fantes, P.A. 1991 EMBO J. 10, 4291–
4299.
w x  .9 Shiozaki, K. and Russell, P. 1995 EMBO J. 14, 492–502.
w x  .10 Millar, J.B.A., Buck, V. and Wilkinson, M.G. 1995 Genes
Dev. 9, 2117–2130.
w x11 Kato, T., Okazaki, K., Murakami, H., Stettler, S., Fantes,
 .P.A. and Okoyama, H. 1996 FEBS Lett. 378, 207–212.
w x  .12 Degols, G., Shiozaki, K. and Russell, P. 1996 Mol. Cell.
Biol. 16, 2870–2877.
( )J. Fernandez et al.rBiochimica et Biophysica Acta 1357 1997 41–48´48
w x13 Soto, T., Fernandez, J., Cansado, J., Vicente-Soler, J. and´
 .Gacto, M. 1995 Microbiology 141, 2665–2671.
w x14 Soto, T., Fernandez, J., Vicente-Soler, J., Cansado, J. and´
 .Gacto, M. 1995 FEBS Lett. 367, 263–266.
w x  .15 Carrillo, D., Vicente-Soler, J. and Gacto, M. 1994 Micro-
biology 140, 1467–1472.
w x16 Fernandez, J., Soto, T., Vicente-Soler, J., Cansado, J. and´
 .Gacto, M. 1995 Can. J. Microbiol. 41, 936–941.
w x  .17 Van Laere, A. 1989 FEMS Microbiol. Rev. 63, 201–210.
w x18 Soto, T., Fernandez, J., Vicente-Soler, J., Cansado, J. and´
 .Gacto, M. 1995 FEMS Microbiol. Lett. 132, 229–232.
w x  .19 Csonka, L.N. 1989 Microbiol. Rev. 53, 121–147.
w x  .20 Ganthala, B.P., Marshall, J.H. and May, J.W. 1994 Arch.
Microbiol. 162, 108–113.
w x  .21 Aiba, H., Yamada, H., Ohmiya R. and Mizuno, T. 1995
FEBS Lett. 376, 199–201.
w x22 Fernandez, J., Soto, T., Vicente-Soler, J., Cansado, J. and´
 .Gacto, M. 1996 Biochem. Mol. Biol. Intl. 38, 43–50
w x  .23 Mager, W.H. and De Kruijff, A.J.J. 1995 Microbiol. Rev.
59, 506–531.
w x  .24 Carrillo, D., Vicente-Soler, J. and Gacto, M. 1992 FEMS
Microbiol. Lett. 98, 61–66.
w x25 Schuller, C., Brewster, J.L., Alexander, M.R., Gustin, M.C.¨
 .and Ruis, H. 1994 EMBO J. 13, 4382–4389.
w x26 De Virgilio, C., Simmen, U., Hottiger, T, Boller, T. and
 .Wiemken, A. 1990 FEBS Lett. 273, 107–110.
w x27 Fernandez, J., Soto, T., Vicente-Soler, J., Cansado, J. and´
 .  .Gacto, M. 1997 Curr. Genet. in press
w x28 Nwaka, S., Mechler, B., Destruelle, M. and Holzer, H.
 .1995 . FEBS Lett. 360, 286–290.
w x  .29 Nwaka, S., Kopp, M. and Holzer, H. 1995 . J. Biol. Chem.
270, 10193–10198.
w x30 Stettler, S., Warbrick, E., Prochnik, S., Mackie, S. and
 .Fantes, P. 1996 J. Cell Sci. 109, 1927–1935.
w x31 Diaz, M., Sanchez, Y., Bennett, T., Sun, C.R., Godoy, C.,´
 .Tamanoi, F., Duran, A. and Perez, P 1993 EMBO J. 12,´
5245–5254.
w x32 Maeda, T., Watanabe, Y., Kunitomo, H. and Yamamoto, M.
 .1994 J. Biol. Chem. 269, 9632–9637.
